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Poor soil fertility is a major problem constraining crop productivity in smallholder farms of
sub-Saharan Africa due to inadequate nutrient replenishment. Differential management
of nutrients creates areas of accumulation and depletion of nutrients within farms with
the latter increasing in spatial coverage. Nutrient additions are required to increase crop
production in such degraded areas. We used experimental data to evaluate the potential
of inorganic fertilizers and organic manures to offset finger millet yield differences or
gap between degraded fields and former kraals, which are recognized as niches for
obtaining the best yields within the Teso farming system in eastern Uganda. Nitrogen
(N) and phosphorus (P) fertilizers were sole applied at 0, 30, 60, and 90 kg ha−1
and in combination (N+P) at equal rates of sole application, and manure (3 t ha−1)
supplemented with N (0, 30, 60, and 90 kg ha−1) to degraded fields located in upper
and middle landscape positions in Chelekura and Onamudian villages. A second control
treatment of finger millet grown on soils of former kraal sites (high fertility niches) was
included as a benchmark to evaluate the efficacy of nutrient management options on
degraded field. Average grain yield ranged from 404 to 2,026 kg ha−1 and differed
significantly (p < 0.001) between villages and seasons. Significant effects (p < 0.05) of
landscape position on grain yield were observed only in Onamudian village. Although the
treatments significantly increased millet yields on degraded fields above the control, they
could not eliminate the yield differences between degraded fields and former kraals. The
largest average grain yields on degraded fields were obtained from combined application
of N+P resulting in average grain yields of 800 and 1,171 kg ha−1 in Chelekura village
and Onamudian village, respectively. These yield responses resulted in only 24 and
43% of yields obtained on former kraal fields in Chelekura and Onamudian, respectively.
The physiological efficiencies, agronomic efficiencies, and apparent recoveries of N and
P were low; often <25%. Pot experiments conducted in a greenhouse showed that
Sulphur (S) and potassium (K) were additional limiting nutrients to N and P for finger
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millet production in Chelekura and Onamudian and may partly explain the large yield
differences of finger millet between fertilized fields and former kraals in the smallholder
farming systems. Nutrient management strategies for sustainable millet production in
these farming systems need consideration of site-specific nutrient limitations.
Keywords: integrated soil fertility management, nutrient use efficiencies, limiting nutrients, finger millet (Eleusine
coracana), sub-Sahara Africa (SSA)
INTRODUCTION
The livelihood of smallholder farmers in sub-Saharan Africa
(SSA) is hinged on agriculture to combat food insecurity
and poverty through direct production of food and cash
crops and sale of excess production to generate incomes. This
is, however, threatened by poor soil fertility, now a major
constraint to crop productivity in smallholder farms resulting
from inadequate replenishment of nutrients removed (Holden,
2018). The magnitude of nutrient depletion varies across the
different spatial scales from continent to farm (Buresh et al.,
1997). Uganda is among the countries in the continent with the
largest depletion rates: 20–40, 3.5–6.6, and 17–33 kg ha−1 year−1
for N, P, and K, respectively (Smaling et al., 1997). Although
negative nutrient balances are prevalent throughout SSA, areas
of nutrient accumulation are created through management
reinforcing heterogeneity in soil fertility and variability in crop
productivity within farms (e.g., Rowe et al., 2006; Tittonell et al.,
2007; Zingore et al., 2007). Continued depletion of nutrients
results in poor fertility or degraded patches within farms.
The area covered by poor fertility fields in smallholder African
farms is substantial and will increase if no action is taken
to replenish and sustain soil fertility. Tittonell (2008) found
the proportion of poor fertility fields according to farmers’
categorization to account for ∼30% of total farm fields in six
farming systems in western and central Kenya and eastern
Uganda. In two villages in Pallisa district, the degraded fields
covered 13–29% of the land area (Ebanyat, 2009). Together
with reducing farm size, this threatens the food security of
smallholders who rely on farming for their livelihood.
Finger millet (Eleusine corocana (L.) Gaertn) is an important
food and nutrition crop as well as an income crop for smallholder
farmers in the Teso farming system in eastern Uganda (Esele,
1989; Wanyera, 2007; Ndungu-Magiroi et al., 2017). It is rated
third after maize and sorghum in order of production among
smallholder farmers, and 15% of the national production is from
this region [Uganda Bureau of Statistics (UBOS), 2020]. However,
soil fertility depletion and labor constraints have affected its
productivity (<1 t ha−1) despite the availability of improved
varieties (Tenywa et al., 1999; Kidoido et al., 2002; Owere et al.,
2014). The farming system used to be a strongly integrated crop–
livestock system and sustained finger millet production until
depletion of livestock through rustling, and due to decline in soil
fertility and other factors has changed from a millet-based to a
cassava-based farming system (Ebanyat et al., 2010a). The United
Nations Convention to combat Desertification and Drought
land degradation neutrality initiative proposes reversal of past
degradation to improve productivity and enhance food security
(Orr et al., 2017). Therefore, measures for improving/restoring
fertility in degraded fields are needed for smallholders to sustain
crop production and close yield differences within farms (Mueller
et al., 2012).
Potential options to restore soil fertility include the use of
inorganic fertilizers to optimize locally available organic inputs
and addressing site-specific constraints to restore and improve
soil fertility as guided in integrated soil fertility management
paradigm (Vanlauwe et al., 2010). The use of inorganic fertilizers
is constrained by high costs and inaccessibility, and a lack of
economic returns (Morris et al., 2007; Barungi, 2012; Chianu
et al., 2012; Bonilla Cedrez et al., 2020) as well as low soil organic
matter (Barret et al., 2017). At the same time, amounts of organic
resources available on smallholder farms are limited and their
poor nutrient quality constrains their use and effectiveness in
soil fertility management (Ridder et al., 2004). Combined use
of organic and inorganic fertilizers is a potential approach to
ameliorate soil fertility because of their complementary benefits
(Vanlauwe et al., 2002; Chivenge et al., 2011; Stewart et al., 2020).
Strategies for fertility regeneration in smallholder farming
systems can best be designed with the knowledge of field
responsiveness to nutrient management interventions. Vanlauwe
et al. (2010) propose a stepwise approach in targeting and
adapting nutrient management interventions and germplasm to
local variations as a way to moving toward integrated soil fertility
management. The stepwise approach requires recognizable
benchmarks to step up to and against which to evaluate efficacy
of the intervention strategies. In the Teso farming system in
eastern Uganda where this study was conducted, areas where
manure accumulated over years of night corralling (former
kraals) are fertile, give good yields of finger millet, and are
readily observed by smallholders. We used these former kraal
sites as benchmarks to assess within-farm differences in finger
millet yield and to evaluate responsiveness of degraded fields
to nutrient interventions in two study sites in Pallisa district.
Nitrogen and phosphorus are the major nutrients limiting millet
production in the low input farming systems in eastern Uganda
(Tenywa et al., 1999). Research on nutrient limitations and
management practices has concentratedmore onmajor nutrients
than on secondary nutrients and micronutrients (Kihara et al.,
2016, 2017; Wortmann et al., 2019). A complete understanding
of limiting nutrients is important for making appropriate soil
and nutrient management recommendations for soil fertility
remediation and needed to be done for degraded fields in the
smallholder systems of eastern Uganda. We tested the hypothesis
that differences in finger millet yield between the former
Frontiers in Sustainable Food Systems | www.frontiersin.org 2 September 2021 | Volume 5 | Article 674926
Ebanyat et al. Nutrient Management on Degraded Fields
kraals and degraded fields can be eliminated by application
of N and P from organic and inorganic sources on degraded
fields and results in improved nutrient use efficiencies by
finger miller. The specific objectives of the study were (1) to
determine finger millet yield response to applied nutrients of
organic and inorganic origin on degraded fields and assess the
extent to which yield differences between benchmark sites and
degraded fields amended with nutrient inputs are reduced, (2)
to determine nutrient use efficiencies by finger millet, and (3)



















representative of the Teso farming system in eastern Uganda.
Soils of Chelekura are formed from lake deposits and those of
Onamudian from basement complex rocks (granitic gneisses)
(Harrop, 1970). The landscape is characterized by wide gently
convex interfluves separated by wide swampy valleys (Ollier
et al., 1969). The toposequence can be divided into three
sub-zones: the upland zone at the summits (upper landscape
positions), the midland zones located on pediments (middle
landscape positions), and the valleys that may be seasonally or
permanently wet (lower landscape positions). In both villages,
soils are Ferralsols and Dystric Fluvisols in the uplands and valley
bottoms, respectively (Ebanyat et al., 2010a).
Mean annual rainfall ranges from 900 to 1,200mm and is
distributed in a bimodal pattern. The first rains are fromMarch to
June and the second rains from August to October or November.
A dry spell stretches from November to March. Both study sites
were within the same rainfall zone of 900mm year−1. Monthly
temperature ranges from 15 to 36◦C, with an annual mean of
25◦C (Yost and Eswaran, 1990). Cumulative total rainfall during
the growing period of short rainy season in 2005 (2005B) was
low (≈400mm), and above normal (≈615mm) in both short rain
season of 2006 (2006B) and long rain (≈580mm) season of 2006
(2006A) (Figure 1).
Field Experiments
Field Selection and Soil and Manure Characterization
Ten degraded fields (five on upper and five on middle landscape
positions) based on farmers’ perceptions of fertility status and
five former kraal sites last used for night corralling five years
before this study were selected for experimentation in each
of two study villages of Chelekura and Onamudian. Five soil
subsamples were taken from each field from 0 to 20 cm,
thoroughly mixed, and by quarter sampling composite samples
were obtained. Manure was collected from two (Chelekura) and
three (Onamudian) former kraals and bulked together, and after
thorough mixing, subsamples were taken for oven drying at
65◦C for 48 h to obtain the average moisture content. Air-dried
composite samples of soil (<2mm) and manure samples were
subjected to physico-chemical analysis at theWorld Agroforestry
FIGURE 1 | Cumulative daily rainfall received in the study area during field
experimentation for three subsequent seasons 2005B, 2006A, and 2006B. P
and H denote planting and harvesting, respectively.
Center (ICRAF) following spectral and standard wet chemistry
analysis procedures (Shepherd and Walsh, 2002). Extractable P
was determined at Kawanda National Agricultural Laboratories
Research Institute in Uganda using the modified Olsen method
(Anderson and Ingram, 1993).
Field Preparation and Experiment Establishment
The fields were ox-plowed twice and plots of 3 × 3m
demarcated. Experimental design was a randomized complete
block experiment with 10 replicates (farms) per village. Kraal
manure, N (urea), and P as triple super phosphate (TSP) were
applied as single replicates per farm and landscape position as
follows: control (with no nutrient inputs), N and P alone at rates
of 30, 60, and 90 kg ha−1 and combinations of N and P each
at equal rates (i.e., 30N+30P, 60N+60P, and 90N+90P); kraal
manure at 3 t ha−1 and kraal manure 3 t ha−1 with N at 30, 60,
and 90 kg ha−1 (i.e., M+30N, M+60N, and M+90N). Manure
and TSP fertilizer were basal applied by spreading and worked
into soil with a hand hoe. Improved finger millet variety SEREMI
2 with yield potential of 2.5 t ha−1 and maturity period of 110
days was planted during the short rains of 2005 (2005B) at a
spacing of 0.3m between rows and thinned to 0.05m within
rows at 2 weeks after planting (WAP). Nitrogen was applied in
two equal splits at first weeding (2 WAP) and second weeding
(4 WAP). In the subsequent seasons of 2006A and 2006B, land
preparation was done on a plot basis using a hand hoe and
planting. Plots of similar size were established on former kraal
sites as a second control but without addition of any nutrient
inputs. The experiments were replanted in the same plots without
any nutrient input additions in the long rainy season (2006A),
but with nutrient inputs at the same rates during the short rainy
season (2006B). All other agronomic operations were carried in
the same way across the seasons.
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Millet Sample Collection, Preparation, and Analysis
In 2005B, only straw was harvested because of poorly distributed
rains (Figure 1) that did not allow panicle filling. In 2006, millet
panicles were harvested by cutting with thumb knives (farmers’
practice) and straw cut at 0.05m above the ground surface
from two quadrats of 1 m2 along the three middle rows of
each plot. The panicles and straw samples were oven dried at
Makerere University’s Soil and Plant analytical laboratories at
65◦C for 72 h. Panicles were threshed and weights of grains
and husks, and straw were obtained before they were ground
to pass through a 1-mm sieve. The samples were analyzed at
the ICRAF, Nairobi, Kenya for pH and total (Tot.) nutrients—N
(nitrogen), K (potassium), Ca (calcium), and Mg (magnesium)—
using NIR spectroscopy as detailed in Shepherd et al. (2003).
Total P was determined using the wet chemistry procedure as
detailed by Anderson and Ingram (1993) for plant materials at
Kawanda National Agricultural Laboratories Research Institute
in Uganda.
Greenhouse Pot Experiment
Bulk soils were collected from five locations within the degraded
fields used for experiments at 0–20 cm; three each from upper
and middle landscape positions of each village. The samples
were bulked and mixed using a manually rotated drum. The
mixed soils of each village were weighed into 5-kg pots to
provide a rooting volume of 2,000 cm3, i.e., 3.48 and 3.10 kg for
degraded soils, and 2.84 and 2.78 kg for former kraal soils from
Chelekura and Onamudian villages, respectively. Treatments
applied constituted macro- and micronutrients N, N+P,
N+P+K, N+P+K+S, N+P+K+S+Ca, N+P+K+S+Ca+Mg,
N+P+K+S+ micronutrients, and N+P+K+S+Ca+Mg+
micronutrients. The source and amount of each nutrient
applied (g pot−1) to soils from Chelekura and Onamudian
village were N (NH4NO3; 0.2429, 0.2214), P (NaH2PO4; 0.1974,
0.1800), K (K2O; 0.0410, 0.0374), S [(NH4)2SO4; 0.2104, 0.1918],
Ca (CaO; 0.2380, 0.2170), Mg (MgO; 0.1133, 0.1033), Mo
(Na2MoO4; 0.0010, 0.0009), Mn (MnSO4; 0.0200, 0.0183),
Cu (CuSO4; 0.0150, 0.0137), Zn (ZnSO4; 0.0150, 0.0137), Bo
(Na2B4O7; 0.0010, 0.0009), and Co (CoCl2; 0.0025, 0.0023).
The nutrients were dissolved in the amounts of distilled, water
required to bring the soils in pots to field capacity. The pots
were left to stand for 2 days and then planted with 0.5 g of
finger millet seed of improved variety, SEREMI 2, with a
potential yield of 2.5 t ha−1 and maturity period of 110 days.
The experimental design was a complete randomized block
with three replicates. At two weeks after emergence, only 20
plants were maintained per pot. Water was added after every
2 days to maintain moisture content of the pots at 70% of field
capacity during the experimental period. Millet shoots were cut
at 0.05m from the soil surface at 8 weeks after planting (WAP)
and oven dried at 65◦C for 48 h to obtain shoot dry weights.
Roots were recovered by washing soil from each pot through
a 2-mm sieve. The roots were then oven dried to obtain root
dry weights. Total biomass was a total of recovered roots and
shoot biomass.
Data Calculations and Analysis
Total nutrient uptake in straw and grain was determined as a
product of straw or grain yield with mass respective percentage
total N or total P and the nutrient physiological or internal
nutrient efficiencies for N and P computed using the equation





where PhE is physiological nutrient efficiency (kg kg−1), GYT is
grain yield for treatment (kg ha−1), and UNT is the total uptake
of nutrient (kg ha−1).
Agronomic efficiency and apparent nutrient recovery
fractions of nutrients applied to degraded fields were computed





where AE is agronomic efficiency (kg kg−1),GYT is grain yield of
treatment (kg ha−1), GYC is grain yield of control treatment (kg





whereARN is apparent recovery of nutrient (kg kg−1),UT is total
uptake of nutrient in straw and grain (kg ha−1),UC is total uptake
in straw and grain in the control treatment (kg ha−1), and RN is
the rate of applied nutrient (kg ha−1).
Statistical analysis was performed using the linear mixed-
effects models of the Genstat 11.1 statistical package for field
experiments with the fixed model term: Constant+Landscape
position+Treatment+Season+Landscape position ×
Treatment+Landscape position × Season+Treatment ×
Season+Landscape position × Treatment × Season, and
the random term: Farm+Farm × Plot. Analysis was only
conducted on data from 16 of the 20 farms because some
plots were destroyed by livestock. Only data for the two
seasons of 2006 are used in the analysis as the crop of
2005B season failed. For the greenhouse limiting-nutrient
pot experiment, a two-way ANOVA was conducted on millet
biomass and the factors compared were sites (villages) and
nutrient application.
RESULTS
Soil and Manure Quality
Initial soil quality of degraded fields selected by farmers differed
significantly in pH, SOC, total N, exchangeable Mg, CEC,
and total P between sites but not between landscape positions
(Table 1). In both sites, the fields were moderately acidic and
poor in extractable P (<10mg kg−1). The former kraals differed
significantly between sites in pH, SOC, total N, exchangeable
Mg, CEC, and total P, but were richer reflecting niches of
good soil fertility. Manure quality varied between sites and
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pH (H2O) SOC Tot N Extr. P Exc. K Exc. Ca Exc. Mg CEC Total P Sand Clay Silt
(%) (%) (mg kg−1) (cmolc kg
−1) (%)
Chelekura
Degraded fields (n = 10)
Upper 6.2 0.59 0.06 4.7 0.30 2.5 0.7 3.2 0.01 69 20 11
Middle 6.1 0.55 0.06 6.2 0.26 2.4 0.6 3.9 0.01 70 18 12
SED 0.29 0.08 0.01 1.7 0.07 0.7 0.1 0.9 0.002 3 3 1
Degraded fields (n = 10)
Onamudian
Upper 5.3 0.90 0.11 4.56 0.30 2.04 0.86 8.6 0.03 60 27 13
Middle 6.3 0.81 0.09 7.13 0.41 2.74 1.19 6.6 0.02 69 20 11
SED 0.3 0.21 0.02 1.01 0.15 0.64 0.32 1.6 0.01 5 4 2
SED (village) 0.21* 0.11* 0.01* 1.00 0.08 0.48 0.17*** 0.98** 0.003* 3 3 1
Former kraals (n = 10)
Chelekura
Upper 7.2 1.7 0.15 14 0.8 4.5 1.2 7.5 0.03 68 22 10
Middle 7.3 1.6 0.16 18 1.1 5.2 1.3 8.4 0.04 66 23 11
SED 0.32 0.39 0.03 3.9 0.2 0.9 0.11 1.3 0.01 3.8 3.1 1
Former kraals (n = 10)
Onamudian
Upper 6.6 2.1 0.20 24 0.7 5.4 2.0 12.0 0.06 59 26 15
Middle 6.7 2.4 0.23 21 0.8 5.1 1.70 11.2 0.05 66 25 9
SED 0.4 0.34 0.04 6.2 0.16 1.6 0.22 1.40 0.02 2.6* 1.95 1.5
SED (village) 0.24* 0.25* 0.03* 3.5 0.13 0.88 0.13*** 0.89** 0.01* 2.5 1.71 1.4
Significance: *p < 0.05; **p < 0.01; ***p < 0.001.
SOC, soil organic carbon; Tot N, total nitrogen; Extr. P, extractable P (Olsen); Exc. K, exchangeable K; Exc. Ca, exchangeable Ca; Exc. Mg, exchangeable Mg; CEC, cation exchange
capacity; SED, standard error of difference.





Total N (%) Total P (%) Total K (%) Total Ca (%) Total Mg (%) C/N ratio
Chelekura
2005B 8.0 5.24 0.55 0.15 0.57 0.56 0.14 10
2006B 9.5 7.99 0.71 0.26 0.94 0.62 0.19 11
Onamudian
2005B 7.5 8.31 1.09 0.39 0.85 1.24 0.49 8
2006B 7.0 5.61 0.70 0.28 0.52 0.60 0.17 8
seasons, and was poor in carbon (Table 2). The narrow C:N
ratio (8–11) implies that manure used in both study sites was
well decomposed.
Finger Millet Yield, Nutrient Uptake, and
Nutrient Use Efficiencies
Analysis of yield, nutrient uptake, and physiological efficiencies
data showed significant (p< 0.001) differences between sites;
thus, further analysis was conducted by site to assess landscape
position, treatment, season, and their interaction effects.
Landscape position was significant (p< 0.05) for only N uptake
in Chelekura village and for grain yield and physiological
P efficiency in Onamudian village. Treatments were highly
significantly different (p < 0.001) for almost all of the variables
in both locations with the exceptions of PhEP and ANR
in Chelekura. Landscape × treatment interactions were rare
and only for PhEP and AEP in Chelekura and Onamudian
villages, respectively.
Seasonal Variations
The relationship between inherent soil fertility, rates of
fertilizer, and yield was investigated with the aid of three-
quadrant diagrams (Wit, 1992). With this procedure, fertilizer
application and yield responses (quadrant i) are split into
the relationships between total nutrient uptake and yield
(quadrant ii) and between fertilizer rates and total nutrient
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FIGURE 2 | Three-quadrant diagrams showing relationships between N application, N uptake, and grain yield of finger millet. (i) Yield against fertilizer rate (fertilizer use
efficiency), (ii) yield against N uptake (physiological N use efficiency), (iii) N uptake against fertilizer application rate (fertilizer recovery) in degraded fields located on the
upper and middle landscape positions in Chelekura (A,B) and Onamudian (C,D) village during seasons 2006A (A,C) and 2006B (B,D). Open square, N alone, upper
landscape position; full square, manure (3 t ha−1) + N, upper landscape position; (full circle), nitrogen alone, middle landscape position; open circle, manure (3 t
ha−1)+N, middle landscape position. Areas under bold line and dotted lines respectively represent ANR under 25% in the upper and middle landscape positions,
respectively.
uptake (quadrant iii), for N (Figure 2) and P (Figure 3). These
relationships were plotted for the grain yield of finger millet
for treatments applied to degraded fields during seasons 2006A
and 2006B by landscape position. Yield responses are related to
nutrient uptake, which was influenced by the apparent nutrient
recovery. Apparent nutrient recoveries were also determined
by the indigenous nutrient supply by the soils and varied
between seasons.
The indigenous supply of N was larger in both seasons in the
upper than middle position with 19 kg N ha−1 and 13 kg N ha−1
(2006A) and 15 kg N ha−1 and 8 kg N ha−1 (2006B) in Chelekura
village. In Onamudian, the indigenous supply of N was larger in
the upper landscape position (21 kg N ha−1) than in the middle
position (13 kg N ha−1) in 2006A. Indigenous supply of N,
however, declined in the upper landscape position (11 kg N ha−1)
but remained the same in the middle landscape position (13 kg
N ha−1) in the 2006B season. Apparent N recoveries (ANR)
were <25% for both the N-only treatments and manure+N
treatments on both landscape positions in Chelekura village in
each of the seasons. In Onamudian, only a few cases did it
approach 40%. These low recoveries contributed to small total
N uptake, which in turn determined the generally rather flat
yield response curves in both villages (quadrant i). The responses
in 2006A are due to nutrient application in 2005B and those
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FIGURE 3 | Three-quadrant diagrams showing relationships between P application, P uptake, and grain yield of finger millet. (i) Yield against fertilizer P rate (fertilizer
use efficiency), (ii) yield against P uptake (physiological P use efficiency), (iii) P uptake against fertilizer application rate (fertilizer recovery) in degraded fields located on
the upper and middle landscape positions in Chelekura (A,B) and Onamudian (C,D) village during seasons 2006A (A,C) and 2006B (B,D). Open square, P alone,
upper landscape position; full square, N+P, upper landscape position; full circle, nitrogen alone, middle landscape position; open circle, N+P, middle landscape
position. Areas under bold line and dotted lines respectively represent ANR under 25% in the upper and middle landscape positions, respectively.
for 2006B are due to nutrient application that season, plus
any residual effect of P that was applied earlier. Application
of manure with N occasionally gave slight increases in ANR,
which was reflected in responses in N uptake and yield signifying
an additive benefit from manure application, especially in the
2006A season.
The indigenous P supply was higher in 2006A than 2006B
season for both landscape positions (Figure 3). In Chelekura
village, indigenous P supply in the upper position (1.79 kg P
ha−1) was larger than in the middle position (1.59 kg P ha−1)
in 2006A and 1.61 kg P ha−1 in the upper position and 1.34 kg
P ha−1 in the middle position in 2006B. Because of larger
total P reserves, indigenous P supply in Onamudian village
was larger than in Chelekura village: 1.93 kg P ha−1 (upper
position) and 1.58 kg P ha−1 (middle position) in 2006A and
1.67 kg P ha−1 (upper position) and 1.70 kg P ha−1 (middle
position) in 2006B. Apparent P recoveries (APR) were also small
and usually <25% for both the P only and N+P treatments.
P uptake was higher in N+P treatments than sole application
of P in both study villages, implying that N and P were
limiting in both sites. Yield responses were higher in 2006A
than 2006B.
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TABLE 3 | Average straw yield, grain yield, total nutrient uptake and internal nutrient use efficiencies, agronomic efficiencies, and recovery efficiencies of finger millet as





RYI N uptake P uptake PhEN PhEP AEN AEP ARN ARP
kg ha−1 % kg ha−1 kg kg−1
Upper
Control 1,043 443 0 17 1.7 28 276 – – – –
30N 1,305 441 −0.5 18 2.6 26 194 −0.1 – 0.06 –
60N 1,341 550 24 21 2.4 28 251 −0.1 – 0.08 –
90N 1,649 625 41 23 3.0 28 228 1.9 – 0.05 –
30P 1,212 571 29 16 3.2 33 205 – 0.6 – 0.09
60P 1,268 668 51 15 3.4 52 223 – 6.0 – 0.05
90P 1,251 598 35 18 3.6 33 192 – 1.7 – 0.03
Manure* 1,255 552 25 21 3.5 36 251 10.3 43.3 0.38 0.51
M+30N 1,510 685 55 21 3.4 33 235 0.5 5.6 0.01 0.21
M+60N 1,650 783 77 23 2.6 28 237 2.6 44.0 0.02 0.28
M+90N 2,012 766 73 26 4.1 33 240 2.8 54.3 0.03 0.28
30N+30P 1,516 715 61 21 3.9 34 211 9.0 9.1 0.16 0.09
60N+60P 2,109 854 93 27 4.0 33 252 6.8 6.0 0.20 0.05
90N+90P 2,322 749 69 25 3.7 34 228 3.4 3.4 0.12 0.04
Middle
Control 1,024 418 0 10 1.5 43 285 – – – –
30N 1,147 493 18 13 2.1 37 254 2.5 – 0.12 –
60N 1,193 404 −3 14 1.5 35 263 1.8 – 0.11 –
90N 1,172 576 38 16 2.4 42 265 1.7 – 0.07 –
30P 1,425 679 62 18 3.5 42 234 – −1.1 – 0.06
60P 1,185 600 44 17 2.9 37 217 – 3.6 – 0.04
90P 1,408 646 55 18 3.5 35 202 – 2.8 – 0.02
Manure* 1,065 462 11 15 2.8 30 239 11.5 46.8 0.45 0.43
M+30N 1,175 709 70 19 3.5 45 223 7.5 76.9 0.26 0.74
M+60N 1,536 628 50 17 2.1 37 229 12.6 29.3 0.64 0.24
M+90N 1,850 569 36 23 2.2 24 256 2.3 52.8 0.11 0.26
30N+30P 1,240 625 50 16 3.6 40 181 6.6 5.2 0.37 0.06
60N+60P 1,633 858 105 23 4.1 38 217 7.7 11.5 0.22 0.07
90N+90P 1,846 1,069 156 26 4.9 40 227 6.9 6.3 0.24 0.05
SED
LP 330ns 156ns 3.2* 0.8ns 7ns 6ns 4.8ns 27ns 0.21ns 0.19ns
TRT 427*** 201** 3.3*** 1.1*** 9ns 29*** 5.2* 26.8* 0.22ns 0.21***
LP × TRT 380ns 180ns 3.2ns 0.9ns 8ns 18*** 5.7ns 28.5ns 0.22ns 0.20ns
PhEN, physiological efficiency of nitrogen; PhEP, physiological efficiency of phosphorus; AEN, agronomic efficiency of nitrogen; AEP, agronomic efficiency of phosphorus; ANR, apparent
nitrogen recovery; % RYI, relative grain yield increase calculated as (grain yield treatment—control yield)/control yield × 100; SED, standard error of difference; LP, landscape position;
TRT, treatment.
*Amount of N and P in manure is computed based on % N and P in manure; see Table 2.
Significance: ns, not significant; *p<0.05; **p<0.01; ***p<0.001.
Across-Season Analysis
Average straw and grain yield significantly differed between
treatments (p< 0.01) but not between landscape positions nor
treatment × landscape position interaction in Chelekura village
(Table 3). Yield increased with increasing levels of nutrients and
combinations in each landscape position. Grain yield ranged
from 443 to 854 kg ha−1 and 418 to 1,069 kg ha−1 in the
upper and middle landscape positions, respectively. The range
of yield increase above the control or percent relative yield
increase (RYI) was from −0.1% (30N) to 93% (60N+60P)
on the upper landscape position and from −3% (60N) to
156% (90N+90P) in the middle landscape position and was
generally better on combination of N+P andmanure+N. Uptake
of N was significantly (p<0.05) higher on the upper than
middle landscape position. It also differed significantly (p<0.001)
between treatments with the highest uptake usually obtained
from the N+P treatments. The average N uptake ranged from
17 (control) to 27 kg ha−1 (60N+60P) on the upper landscape
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TABLE 4 | Average straw yield, grain yield, total nutrient uptake and internal nutrient use efficiencies, agronomic efficiencies, and recovery efficiencies of finger millet as
affected by application of nutrient inputs to degraded fields on the upper and middle landscape positions in Onamudian village, 2 seasons of 2006.
Landscape position /
Treatment
Straw yield Grain yield GY
increase
N uptake P uptake PhEN PhEP AEN AEP ARN ARP
kg ha−1 % kg ha−1 kg kg−1
Upper
Control 1,055 620 0 15 1.8 44 262 – – – –
30N 1,381 826 33 20 3 41 217 7.0 – 0.15 –
60N 1,639 867 40 26 3.2 34 198 4.1 – 0.16 –
90N 1,863 987 59 31 3.6 32 200 4.2 – 0.18 –
30P 1,658 1,202 94 23 4.4 53 235 – 19.6 – 0.09
60P 1,938 1,077 74 23 4 50 200 – 7.7 – 0.05
90P 2,053 1,131 82 27 4.3 44 190 – 5.7 – 0.04
Manure 1,598 993 60 24 3.7 42 230 13.9 67.1 0.34 0.22
M+30N 1,564 1,037 67 26 3.7 41 233 6.6 37.2 0.15 0.19
M+60N 2,107 1,293 109 31 5.4 45 198 9.5 83.5 0.21 0.25
M+90N 2,374 1,241 100 36 5.8 35 154 5.2 67.1 0.16 0.62
30N+30P 2,154 1,405 127 27 4.7 57 231 25.7 19.6 0.53 0.12
60N+60P 2,527 1,889 205 37 8.2 56 157 12.0 12.2 0.31 0.10
90N+90P 2,803 1,102 78 32 4.4 39 151 4.8 5.0 0.20 0.05
Middle
Control 823 482 0 13 1.6 39 250 – – – –
30N 889 695 44 16 2.9 44 211 7.1 – 0.09 –
60N 1,524 766 59 22 3.5 37 156 4.7 – 0.15 –
90N 2,044 605 26 26 2.5 24 118 1.4 – 0.14 –
30P 1,174 798 66 19 3.1 45 214 – 10.5 – 0.05
60P 2,044 734 52 23 3.1 34 154 – 4.2 – 0.06
90P 1,387 717 49 20 3.2 38 167 – 2.6 – 0.02
Manure 1,417 790 64 24 3.7 34 159 12.5 31.5 0.40 0.29
M+30N 1,778 820 70 26 4.1 39 188 9.7 51.1 0.27 0.29
M+60N 1,413 858 78 22 4.1 36 150 3.7 22.2 0.10 0.52
M+90N 1,776 1,001 108 26 4.4 32 121 4.0 35.3 0.14 0.47
30N+30P 1,544 839 74 17 4.7 57 128 11.5 10.5 0.31 0.19
60N+60P 2,023 1,051 118 21 8.2 56 124 10.0 10.0 0.28 0.11
90N+90P 1,776 793 65 21 4.4 46 122 4.2 4.2 0.22 0.05
SED
LP 347ns 153* 3.8 ns 0.59ns 4.0ns 25** 4.03ns 12.4ns 0.09ns 0.08ns
TRT 453*** 195*** 4.5*** 0.76*** 4.3*** 26*** 4.65*** 13.3*** 0.11*** 0.09***
LP × TRT 401ns 175ns 4.2ns 0.68* 4.29ns 26ns 4.36ns 12.9* 0.10ns 0.09ns
PhEN, physiological efficiency of nitrogen; PhEP, physiological efficiency of phosphorus; AEN, agronomic efficiency of nitrogen; AEP, agronomic efficiency of phosphorus; ANR, apparent
nitrogen recovery; % RYI, relative grain yield increase calculated as (grain yield treatment—control yield)/control yield × 100; SED, standard error of difference; LP, landscape position;
TRT, treatment.
*Amount of N and P in manure is computed based on % N and P in manure; see Table 2.
Significance: ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.
position and from 10 (control) to 26 kg ha−1 (90N+90P) in
the middle landscape position. Average P uptake also differed
significantly (p<0.001) between treatments. Treatments that
received P fertilizer generally resulted in significantly larger
P uptake compared with the control. Only physiological P
efficiencies differed significantly (p<0.001) between treatments
and by treatment × landscape position and ranged from 192 to
276 kg kg−1 and 181 to 285 kg kg−1 in the upper landscape and
middle landscape positions, respectively.
Agronomic efficiencies of N (AEN) were higher for
manure+N and N+P treatments in both the upper and
middle landscape positions. Manure treatments resulted in the
highest agronomic efficiencies of P (AEP) ranging from 5.6 to
54 kg grain kg−1 P and from 29 to 77 kg kg−1 in the upper and
middle landscape positions, respectively. Apparent N recovery
(ARN) was <1 kg kg−1 for all the treatments although it tended
to be better for manure-based and N+P treatments. Apparent
recoveries of P were also small although again they tended to be
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higher between 0.2 and 0.74 kg kg−1 for manure treatments in
the upper and middle landscape positions.
Trends in average responses of yield, uptake, and physiological
efficiencies in Onamudian village (Table 4) were similar to those
in Chelekura with some minor differences. Grain yield was
significantly (p< 0.05) larger on the upper than the middle
landscape position. The RYI ranged from 33 to 205% in the
upper landscape position and 26 to 108% in the middle landscape
position. The yields in Onamudian village were higher than those
in Chelekura village. N uptake was not significantly different
between landscape positions, but physiological N efficiencies
were significantly higher (p< 0.001) between treatments in the
upper than in the middle landscape positions. They ranged from
32 to 57 kg ha−1 and from 24 to 57 kg kg−1 on the upper
and middle landscape positions, respectively. Physiological P
efficiencies were significantly higher in the upper (151 to 262 kg
kg−1) compared with the middle landscape position (118 to
250 kg kg−1).
Agronomic efficiencies (AE), apparent N recovery fractions
(ANR), and apparent P recovery (APR) from N, P, and
manure+N applied to degraded fields were generally low. The
AEN ranged from 3.7 to 26 kg grain yield per kilogram of N
with usually better AEN recorded with manure N+P at equal
rates of 30 or 60 kg ha−1 implying a complementarity role of
P in agronomic use of N. The AEP were higher where manure
and N were applied in both the upper and middle landscape
positions reaching a highest level of 83.5 kg grain kg−1 of P with
M+60N in the upper landscape position. The range for ANR was
0.10–0.53 kg kg−1 and for APR from 0.02 to 0.62 kg kg−1.
Within-Farm Yield Differences
Across application rates, grain yield responses to application of
N, P, manure, manure+N, and N+P treatments on degraded
fields were variable, but yields were increased above the control
treatment (Figure 4). Responses were larger in Onamudian than
Chelekura village although in both villages yields obtained with
fertilizers were always less than those on the former kraal sites. In
Chelekura village, all treatments produced yields<1,000 kg ha−1,
and in Onamudian village, only manure+N (1,036 kg ha−1) and
N+P (1,171 kg ha−1) produced yields >1,000 kg ha−1. The trend
in yield responses relative to the control were manure (0.21)
< P (0.45) < N (0.47) < manure+N (0.62) < N+P (0.88) in
Chelekura and (0.43) < N (0.64) < P (0.70) < manure+N (0.87)
< N+P (1.11) in Onamudian village. Treatment application to
degraded fields resulted in closing of gaps in grain yields between
former kraals and the control treatment (1,532 kg ha−1) by 6%
(manure) to 24% (N+P) in Chelekura village and in Onamudian
village (1,442 kg ha−1) by 16% (manure) to 43% (N+P). Overall,
grain yield responded more strongly to N+P application than to
sole applications of either N or P, implying that both nutrients are
limiting on both sites.
Other Limiting Nutrients
In the pot experiment conducted to explore whether nutrients
other than N and P were limiting crop response in the field
experiments (Figure 5), main effects of village and treatments
were highly significant (p< 0.001) and village × treatment were
significant (p< 0.05) on millet biomass. N alone significantly
increased biomass yields of finger millet in degraded soils from
Onamudian but not in the soils from Chelekura. When N
and P were applied together, shoot growth increased much
more strongly in soils from Chelekura and the increase in
growth was doubled on Onamudian soils compared with the sole
nutrients. Addition of K, together with N and P, significantly
increased growth above the N+P treatment only in the soil
from Onamudian. Adding sulphur increased plant growth only
in the soil from Chelekura. Based on total biomass production,
it appears that multiple nutrients limit productivity of millet on
the degraded fields but that plant growth response depended on
the interactions of N × P × S in Chelekura and N × P × K
in Onamudian village. These combinations respectively resulted
in 63 and 74% of biomass yield on former kraals. Adding other
cations (Ca and Mg) or other micronutrients did not result in
significant increases in biomass; to the contrary, they tended to
give slightly depressed biomass yields.
DISCUSSION
Reversing nutrient depletion in smallholder farming systems
is needed to assure food security for smallholders. Optimizing
organic resources with inorganic nutrient sources together
with improved germplasm and local adaptions can lead to
restorative improvements of soil productivity (Vanlauwe et al.,
2010). Knowledge on how to target nutrient resources is critical
and using benchmarks within farming systems could be more
realistic to evaluate the potential of nutrient interventions. In
the Teso farming system, former kraal sites are the best for high
productivity of finger millet and we used them as a benchmark
Application of N and P is recommended for improved millet
productivity in the Teso farming system (Wortmann and Eledu,
1999). In this study, biomass production and yield of finger
millet responded strongly when both N and P were supplied
to the degraded fields, but in no case did yields match those
found when finger millet was grown on former kraal sites. These
former kraal sites are areas where manure has been accumulated
over long periods of time through night corralling of cattle,
although none of the sites where the experiments were situated
had been used by cattle in the previous 5 years before this study.
Persistence of good fertility in soils for at least four decades
where kraals were formerly located has been reported from East
Africa (Augustine, 2003).
The seasonal differences in millet yield response were strongly
influenced by rainfall. No yield was obtained in the first season
(2005B) due to drought. Yield and growth response in the
subsequent season 2006A was dependent on nutrients applied
as fertilizer and manure in the poor season (2005B), and thus
observed variability in responses in 2006A may have been
due to variability in nutrient losses. Although fertilizers and
manure were applied again in the 2006B season, excessive rainfall
(Figure 1) is likely to have caused substantial losses of N. Despite
the excessive rainfall, strong responses in growth and yield of
finger millet to combined applications of N and P were observed
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FIGURE 4 | Average responses of finger millet grain yields per applied treatment on degraded fields in comparison with the former kraal sites in the study villages,
2006. Bars are SEM.
in both 2006 seasons, although yields obtained were often only
half those observed in the former kraal sites.
Soils differed between the two villages: the soils in Onamudian
had greater silt+clay content (36%; sandy loam) than for those in
Chelekura (31%; sandy clay loam). Silt + clay determine organic
carbon storage through influencing physical protection of soil
organic matter (Feller and Beare, 1997). In turn, these properties
determine the capacity of soils to retain and supply cations. The
soils in the former kraal sites had twice to three times as much
SOC compared with the degraded fields in each of the landscape
positions of each village. Variations in soil quality of former kraals
between villages were also equally influenced by the differences in
percent silt+ clay of the soils, but could also vary due to different
amounts of manure previously accumulated in those sites.
The effect of landscape position onmillet response to fertilizer
application was negligible and has been reported before in the
area for legume-finger millet rotations (Ebanyat et al., 2010b).
It implies that there is no strong soil fertility gradient in the
villages but rather within locality or farm variability is critical for
targeting and design of intervention options. The heterogeneity
has been reinforced by lack of use of nutrient inputs affecting
nutrient use efficiencies.
Internal, agronomic, and recovery efficiencies were generally
low and explain the low millet yield response (Figures 2, 3).
Better responses have been associated with higher indigenous
supply of nutrients (Xu et al., 2015), through increased
availability of nutrients. Further, manure treatments often
resulted in higher agronomic and recovery efficiencies of N
and P through increased total amounts of nutrients and
probably improved moisture availability. It should, however, be
noted that the high PhEP for manure treatments is because
of the small amounts of P supplied under conditions of P
deficiency. Combining N and P improved agronomic and
internal efficiencies of N indicating co-limitations of the two
nutrients (Figure 5). Phosphorus provides energy for nitrate
reduction promoting N uptake and utilization in plants (Gupta
et al., 2014), hence a better agronomic N efficiency when N
is combined with P. Agronomic P efficiencies were higher
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FIGURE 5 | Response of millet total biomass on soils from degraded fields from study villages amended with macro- and micronutrients and on former kraal soils in a
greenhouse pot experiment over 8 weeks of growth. Bars are SEM. SE bars with same letters are not different.
in manure treatments probably because manure enhanced P
availability as reflected in the higher ARP from the same
treatments (Tables 3, 4). This highlights an important role for
manure in improving nutrient availability in the degraded fields.
The two nutrients alone, however, resulted in <45% of
yields on former kraals (Figure 4) due to other constraints.
Multiple nutrient deficiencies of N, P, Ca, and Zn were reported
to constrain rehabilitation of productivity on degraded sandy
soils in Zimbabwe (Zingore et al., 2008). The limiting nutrient
experiment that we conducted in pots showed that S and K
were additionally limiting millet growth in soils from Pallisa
(Figure 5). We had expected that treatments where manure was
added would have supplied other nutrients such as K, S, and
micronutrients, but it seems that manure was unable to provide
sufficient quantities of these nutrients in the short term. In field
experiments in Zimbabwe, responses in growth and yield of
maize to old kraal manure were seen only in the third year
after application (Nyamangara et al., 2005; Zingore et al., 2007).
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We further observed yield declines when P was applied at rates
above 60 kg P ha−1 that may be associated with Zn–P antagonism
arising from precipitation of zinc phosphate (Marschner, 1995).
Soil organic matter also determines the physical properties of
soils. The soils in the area are prone to surface sealing and
often crusts are observed following rain events. Enhanced soil
organic matter contents can improve the water balance in the
degraded fields by reducing the susceptibility to crusting and
enhancing infiltration. The good productivity of finger millet
on the former kraal sites could be attributed to the beneficial
effects of manure on many aspects of soil fertility: improving
structure, moisture availability, nutrient availability including
micronutrient supply, and biological activity, which can enhance
nutrient cycling.
It is noteworthy that the conditions created in soils at former
kraals arise from long-term accumulation of manure. Improving
the conditions in the degraded fields will therefore require
substantial time and large applications of manure. The quantities
of manure available in this region are limited and difficult to
increase—the smallholder farmers lack grazing land to feed cattle
producing manure (Ebanyat, 2009), which means that more
cattle cannot be supported in the area. Fertilizer use and recovery
efficiencies were low probably because of the low SOC in the
degraded fields and other losses. Rehabilitation of the degraded
fields will require building up of organic matter to thresholds
that can enhance fertilizer use efficiencies (Tittonell et al., 2007;
Musinguzi et al., 2016), but it is unclear how the required
amounts of organic matter can be sourced or created.
Attention to balanced crop nutrition, ensuring that fertilizers
supply all of the necessary nutrients for crop growth, may
give sufficient crop residues, which, if returned to the soil,
may contribute to increase soil organic matter contents. Our
results indicate that the declaration of the African Fertilizer
Summit made in Abuja 2006 to aim for farmers to use
50 kg of fertilizer per hectare needs careful consideration
because it will not yield much unless degraded fields are first
rehabilitated. Responses of finger millet differed between
sites with fields in the Chelekura site being less responsive
compared with Onamudian because of the initial soil quality.
The degraded fields in Onamudian had higher amounts
of SOC compared with Chelekura (Table 1). Different
amounts of inputs are required to raise productivity of
fields in these two different villages reiterating the need for
site-specific nutrient management and that such blanket
fertilizer recommendations are inappropriate. Our experiments
over three seasons yielded reasonable responses to fertilizers
and manure, and from the knowledge that the process of
rehabilitation takes time, dynamic modeling may help in
designing strategies for intensification (e.g., Tittonell et al.,
2008). Further experimentation is required to determine the
quantities of organic manure and nutrients needed and the
period it may take to restore fertility. Further field experiments
are needed to assess the effects of application of all the limiting
nutrients, including S, K, and micronutrients, on millet yield in
the degraded fields.
CONCLUSION
Although growth and grain yield of finger millet in degraded
soils were increased strongly by application of fertilizer and
manure, none of the treatments could completely close the
difference in yields obtained on sites of former kraals. The
short-term nature of the experimentation, covering only three
seasons, was insufficient to restore fertility of these degraded
soils, even where cattle manure was applied in farmer’s fields.
The amounts of manure accumulated in former kraal sites
were very large compared with the amounts added in the
experiments, and probably insufficient to address the multiple
nutrient limitations of S and K. Combined application of
N+P fertilizer gave the strongest yield response compared
with other options, but the strength of the crop response
was variable with season, soil type, and, to a lesser extent,
landscape position. Management aimed at increasing nutrient
recovery efficiencies will need to accompany technological
interventions to enhance sustainability. Thus, combining organic
and inorganic resources (integrated nutrient management)
because of their complementary benefits could lead to improved
productivity of the degraded fields. Repeated applications of
manure would be required to increase soil organic matter
contents sufficiently to assist in improving capture (infiltration)
and storage of water. The scarcity of manure in the area,
due to the small number of cattle and the lack of grazing
land, means that other means to restore soil organic matter
contents of the soils and supply of other limiting nutrients must
be sought.
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